The lysine residues of Bacillus licheniformis α-amylase (BLA) were chemically modified using citraconic anhydride or succinic anhydride. Modification caused fundamental changes in the enzymes specificity, as indicated by a dramatic increase in maltosidase and a reduction in amylase activity. These changes in substrate specificity were found to coincide with a change in the cleavage pattern of the substrates and with a conversion of the native endo-form of the enzyme to a modified exo-form. Progressive increases in the productions of ρ-nitrophenol or glucose, when para nitrophenyl-maltoheptaoside or soluble starch, respectively, was used as substrate, were observed upon modification. The described changes were affected by the size of incorporated modified reagent: citraconic anhydride was more effective than succinic anhydride. Reasons for the observed changes are discussed and reasons for the effectivenesses of chemical modifications for tailoring enzyme specificities are suggested.
Introduction
The chemical modification of enzymes provides us with a means of elucidating enzymatic properties. Originally, this approach was used to identify specific residues at active sites involved in substrate binding or chemical catalysis. More recently, however, it has been used for tailoring the specificities of enzymes, including α-amylases (Kaiser et al., 1985; Yamashita et al., 1993; Qi et al., 2001; Davis, 2003) . Due to the conserved nature of residues around the active sites of α-amylases, and the close similarities between their threedimensional structures (Machius et al., 1995; MacGregor et al., 2001) , the results obtained provide information of general utility for various α-amylases including those with unusual mechanism of action (Ammar et al., 2002) . The creation of enzymes with new catalytic activities, and the tailoring of the specificities of existing enzymes to accommodate unnatural substrates, is currently an area of intense research. The α-amylase of Bacillus licheniformis (BLA) is a highly thermostable enzyme and a member of the endoamylases (E.C 3.2.1.1), which catalyze the cleavage of α-D (1 → 4) glycosidic bonds in starch and related carbohydrates, and which have several industrial applications. In a previous communication, the chemical modification of lysine residues in this enzyme was shown to result in some profound changes in its kinetic parameters (Khajeh et al., 2001a) . In this report, further studies are presented which describe changes in the substrate specificity of this enzyme after modification of the ε-amino groups of its lysine residues.
Material and Methods
Thermostable α-amylase from B. licheniformis (BLA), mesophilic α-amylase from B. amyloliquefaciens (BAA), α-glucosidase, glucose oxidase, citraconic anhydride, succinic anhydride, para nitrophenyl-α-D-maltopentaoside (ρNP-maltopentaoside), and para nitrophenyl-α-D-maltoside (G 2 ρNP) were purchased from Sigma (St. Louis, USA). Ethylidene para nitrophenyl-α-D-maltoheptaoside (EPS) was from Roche (Mannheim, Germany) and all other chemicals were obtained from Merck (Darmstadt, Germany 
Determination of enzymatic activity and protein concentration
To determine maltosidase activity, α-amylase (6 µg/ml) was assayed at 37 o C, using EPS (2 mM with or without α-glucosidase) or para nitrophenyl-α-D-maltopentaoside (3 mM) as substrate at pH 7.5 in 20 mM Tris. These procedures are based on the progressive hydrolysis of the substrate, and the gradual release of para nitrophenol, which shows an absorption maximum at 405 nm (Hägele et al., 1982) . The initial rate corresponding to the first 120 s was taken to represent enzymatic activity. The amylase activity (3 µg/ml of the enzyme) was determined at 37 o C, using 1% soluble starch as substrate at pH 7.5 in 20 mM Tris. The Bernfeld method was used to determine reducing sugar levels (Bernfeld, 1955) .
The release of glucose was assessed in the usual manner, by allowing the enzyme to react with starch for 24 h. The reaction was then stopped with 2 M NaOH and the amount of glucose in the medium was assayed using glucose oxidase (Farrance, 1987) . Protein concentrations were determined using the pyrogallol red method (Watanabe, 1986) .
Modification of lysine residues Lysine was modified using citraconic anhydride and succinic anhydride as specific blocking agents for lysine residues, by following the procedure described by Dixon and Perham (Dixon and Perham, 1968) . Protein was used at 4 mg/ml in 10 ml of 100 mM borate (pH 8.0) and the process was followed at room temperature by the step-wise addition of 3 µl aliquots of citraconic anhydride, as described previously (Khajeh et al., 2001a) or by the step-wise addition of 4 mg amounts of succinic anhydride (4, 8, 16 and 22 mg), while maintaining the pH of the stirred solution at 8.0 by adding 2 M NaOH. After each reagent addition, and after ensuring a constant pH, a sample was removed from the solution and kept on ice. All samples were then dialyzed extensively against 20 mM Tris, pH 7.5. To determine the number of modified lysine residues, the number of free amino groups in the protein was measured, using the method described by Fields (Fields, 1971) . Briefly, samples were first dialyzed in 0.1 M borate buffer (pH 9.5), and the final protein concentration was then adjusted to 0.7 mg/ml. Succinylation resulted in the modification of 5, 6, 12, and 16 residues, and citraconylation in the modification of 5, 10, 13, and 16 residues, out of a total number of 27 lysine residues in BLA. To assess the surface accessibility of the lysine residues in BLA (pdb1bli), we used MOLMOL version 2K.2.
Results and Discussion
The design and production of new enzymes with high preferences for specific substrates constitutes an important area of present-day protein engineering. Included in this endeavor is the creation of enzymes capable of the site-specific cleavage of large substrates. Studies on some well-characterized enzymes, including α-amylases, have shown that substrate specificities can be tailored chemically by modifying or mutating amino acid residues to which substrates bind (Matsui, 1992; Alcalde et al., 1999) . Compared with the limitations imposed by the restricted number of proteinogenic amino acids, the use of chemical modification, although generally non-specific in nature, allows a virtually unlimited means of altering the amino acid side chain structures of proteins. With the advent of novel procedures that exploit selective and efficient protein chemistry, this strategy, either alone or in combination with site-directed mutagenesis, could make a significant contribution to this area of biotechnology. In a recent communication, we reported on substantial alterations in the kinetic parameters of BLA produced by modifying its lysine residues with citraconic anhydride (Khajeh et al., 2001b) . Here, we outline further details of the marked changes these modifications have on the catalytic behaviors of such enzymes.
The relationship between increased absorbance with time, related to the hydrolysis of EPS is illustrated in Fig. 1 . As indicated, the catalytic potential of BLA is dramatically enhanced by modification. Also, as the number of modified residues increases, the initial higher rate of absorbance increase is prolonged, so that in the case of the 16-modified residue enzyme, a constant increase in absorbance was observed during the entire assay period (300 seconds).
The following scheme has been proposed in relation to the enhanced maltosidase activity observed after modifying lysine residues in porcine pancreatic α-amylase (Yamashita et al., 1993) :
where E represents the native or modified enzyme, S and P the substrate and products, ES the productive enzyme-substrate complex, ES' the non-productive enzyme-substrate complex, Fig. 1 . Comparison of native and citraconic anhydride-modified enzymes, with respect to their activities toward ρNP maltoheptaoside (in the absence of α-glucosidase). Absorbance at 405 nm was monitored against time (seconds). Native ( í), 5-lysine-modified ( 1), 10-lysine-modified ( 5), 13-lysine-modified ( 0 ), and 16-lysine-modified enzyme (:).
Scheme 1.
K S and K' S the dissociation constants of the productive and non-productive enzyme-substrate complexes, and k 2 the first order rate constant of the product formation step.
Based on the cleavage pattern of a ρNP-maltoheptaoside, recently published for BLA (Kandra et al., 2002, and Fig. 2) , and reports in the literature related to the maltosidase activities of various α-amylases, the production of G 2 ρNP and G 3 ρNP in addition to ρNP release is suggested. Furthermore, we propose that these ρNP derivatives bind the enzyme in a nonproductive manner, which is in-line with the limited absorbance increase obtained using the native enzyme (Fig.  1) . Moreover, the modified BLA is presumed to be converted to a new exo-type enzyme capable of hydrolyzing the bond between the ρ-nitrophenyl group and the remainder of the substrate (Fig. 3) , as has been observed for other α-amylases after modification (Kita et al., 1982; Ishikawa and Hirata, 1989; Yamashita et al., 1991; Kobayashi et al., 1992; Yamashita et al., 1993; Nakatani et al., 1994) . This mechanism would explain the high rate of absorbance increase, versus the limited absorbance increase achieved using the native enzyme (Fig. 1) . The suggested change in the pattern of cleavage is in line with the conversion of the non-productive mode of catalysis to a productive one, as described above, and this was further confirmed by using α-glucosidase. The addition of this exo-type enzyme to the assay medium, either at the onset or at the mid-point of the assay (see Fig. 1 ) increased absorbance to an extent similar to the one achieved using the modified enzyme (results not shown).
The active site of all enzymes belonging to the α-amylase family is considered to be composed of a number of subsites, each of which is capable of interacting with a glucose residue of the substrate (MacGregor, 2001 ). The subsites themselves are composed of side chains of amino acid residues situated on loops in the enzyme structure that connect the C-terminal ends of the β-strands to the N-terminal ends of the adjacent helices of the (β/α) 8 -barrel of the catalytic domain. The subsite structures of α-amylases, such as of TAKA amylase (Brzozowski and Davies, 1997) and of porcine pancreatic alpha amylase (Qian et al., 1997) have been described in the literature. However, detailed knowledge about the subsite architecture of BLA is scarce and information on the kinetics and mode of action of this industrially-important enzyme is limited in the literature. It has been suggested that the active site of this enzyme consists of eight subsites, and that the catalytic site is located between subsites 5 and 6 (−1 → +1). Moreover, a "barrier" subsite has also been proposed to exist in the binding region of this enzyme (Kandra et al., 2002) . Accordingly, it has been suggested that the cleavage of ρNP at the catalytic site between subsites 5 and 6 occurs when the substrate is placed at the active site of the modified enzyme with the terminal glucose-ρNP located at this position (Fig. 3) , as directed by the modified substrate recognition mechanism. It is assumed that additional hydrogen bonding opportunities, together with possible hindrance in freedom of movement of the substrate contribute toward the fitting and fixing of the terminal glucose or ρNP at this location.
Additional data in support of the fundamental alteration of the substrate specificity of BLA by chemical modification is provided by its amylase activity. As indicated in Table 1 , the amylase activity of the modified enzyme progressively reduced as glucose production was concomitantly and substantially increased.
These data, taken together, support fundamental changes in the substrate specificity of the enzyme (i.e., in its maltosidase and amylase activities), as discussed above.
Modification of ε-amino groups of lysine residues (scheme 2), at the active site of the enzyme would result in the provision of bulky groups and present new hydrogen bonding opportunities involving the glucose moieties of the substrate.
Indeed, an abnormally high pKa has been reported for the carboxylic group of the modified lysine residue (Khajeh et al., 2001a) , which reflects a negatively charged environment, such as that caused by the location of acidic residues at the active site. It should be pointed out that two aspartic acid and one glutamic acid residues constitute three conserved catalytic residues at the active site of all α-amylases, a family of enzymes with a similar mode of action (MacGregor et al., 2001) . A portion of the active site of BLA, which includes these three amino acids and lysine 234 (a residue possibly modified in the present study), is depicted in Fig. 4 . This representation is based on information provided by Machius et al (Machius et al.,1998) . The numbers in parentheses indicate the corresponding subsites in the enzyme. Another residue, which may also be modified is lysine 237, located in the vicinity of lysine 234 (Fig. 4) and with a surface accessibility of 11%; somewhat higher than that estimated for lysine 234 (6.7%). Lysine 237 has already been proposed as a possible candidate in a study involving the modification of BLA by citraconic anhydride (Khajeh et al., 2001 b) .
Another piece of evidence supporting the suggested reasons for the described changes in activity of the modified enzyme is provided by the data obtained using succinic anhydride, a less bulky, but an otherwise similar modifier. All changes indicated in Table 1 were also observed for the enzyme modified with this reagent, but to a lesser extent (Table 2) . This is in line with suggestions made in the literature on the importance of the volume of incorporated modification reagent with respect to observed increased maltosidase activities of α-amylases (Yamashita et al., 1993) . The higher amylase activities indicated in Table 2 (together with the lower production of glucose) suggest a less hindered approach to the active site by starch molecules, provided by a less bulky modified lysine residue. This situation was not encountered when BAA was modified by citraconic anhydride (Table 3) , which may be due to this enzyme having a more extended/ bulky active site than BLA (Kandra et al., 2002) . Therefore, it appears that subtle differences in the modification of residues at the active site may significantly affect substrate specificity. Enzymatic activities and glucose production were determined as described in Materials and Methods. The data presented are activity/ glucose production ratios for native and modified enzyme.
Scheme 2. Fig. 4 . Amino acid residues of BLA active site (pdb1bli). The figure was drawn using RasMol version 2.7.1. Subsites are numbered according to Machius et al., 1998 . For more details refer to the text.
Maltosidase activity was also increased by modifying BLA with the two modifiers (citraconic anhydride and succinic anhydride) and by using ρNP-maltopentaoside as a substrate instead of EPS. However, the size of the modifier was not as important as in the case of EPS, presumably due to a smaller size of the former substrate. An enhancement of maltosidase activity combined with a reduction in amylase activity have been reported for lysine (Kobayashi et al., 1992; Yamashita et al., 1993) or histidine (Kita et al., 1982; Ishikawa and Hirata, 1989; Yamashita et al., 1991; Nakatani et al., 1994) residue modifications, of a number of α-amylases. Several reasons have been put forward to explain these observations; changes in the degree of nonproductive binding (Ishikawa and Hirata, 1989; Yamashita et al., 1993) , conformation of the active site Hirata, 1989, Yamashita et al., 1991) , stabilization of the transition state during catalysis (Nakatani et al., 1994) , a better interaction between the ρNP moiety of the substrate and the introduced group (Yamashita et al., 1993; Yamashita et al., 1995) . Another important finding in these studies is the possibility of selective substrate inhibition induced by modification (Nakatani,1988; Ishikawa and Hirata, 1989) .
Conclusions
The results presented indicate that the substrate specificity of BLA is changed fundamentally by the chemical modification of its lysine residues. Furthermore, they demonstrate the effectiveness of chemical modification for tailoring enzyme specificity and for providing additional tests for the validity of generally-accepted concepts related to the chemical basis of enzyme specificity. 
